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DUrIng The pasl few years there have been numerous WO:kShOPS and

conferences devoted to the science under alscusslon nere. In parlic~-lar

one should mention the series of LEAR workshops’ 2 the Madison

WG rksno~a on the Design of a Low Energy Antimatter Faclllty. and tne

Ferm,lab wOrkShOp4 on Antimatter Physics at Low Energy (AMPLE) In the

present afllcle we extract what appears to be the most compelling of tne

wlae variety of Physics that would become accessible, and attempt 10 gwe

sufficient details to allow one 10 judge the basic physics case for such a

machine

The guidelines Issued for the present workshop Indicated a somewhat

arbdrary 200 MeV maximum energy for the machine under discussion Tne

I,m,tat,ons thus Imposed on the dlversdy of physics by SUCh a Cel~lng.

wnile certainly considerable. WIII be seen to be far from aevastatlng

Mlsslng from the agenda of such a machine would be tne very lnt@erestIng

h,gher energy tOpICS such as the A S-1 CP wolatlon experlment5. Dp+ AA.
—.

the new measurements that could be done !II Cllarmonlum spectroscopy.

and the puzzle7 of the enormous devlatlon from QCD predictions of the

ratios fOr the branching fractlon$ of tne J:* and the V‘ to exclus, ve final

states We Include a brief dlscusslan of the flrsl and last of these In

section Vlll under the ‘Hlgner energy Fs- headlqj

AS emphasized by BOD Jaffe6 In the Femllab Proceedings. lher@ are

two broad areas of concern In particle phySICS toady These can be

described as the ‘Orlglns of the Standard Model- amY the ‘Dpamlcs of
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~~onflnem~nl In Qcf)- 11 IS remarkable Ihat a low energy antiproton

iacll,ty SUCn as Ihe one under consderallon here can adclress boIn lhe~e

questions In a vital and straightforward manner

While II IS true that Ihe standard model nas enjoyed conslde’a~le

success, d IS less frequently mentioned. but no less true. that there are

many parameters and phenomena that are arbitrary ana not understood.

Examples are I) the sources of weak symmetry breakdown. II) the or’g’n of

CP wolatmn. III) the orlgln of quark and Iepton masses and angles. and Iv)

even why SU(3)xSlJ(2)xU(l ) should be the fundamental gauge groups ~hOsen

by nature. In fact. the absence of proton decay at tne 1032 year Ilfetlme

has cast Serious doubt on Ihls simplest version of the standard model A

low energy antlproton

area most directly

principles such as CP

machine WIII Contnbute to (llJr understanding In ttii=

tnrough preclslon tests of Various Invariance

CPT and T Therefore. tnls topic forms one of the

cornerstones of :he basic physics program for the faclllty

The theory of Quantum Chromodynamlcs has also had its many

successes Powever. after more than a decade. many fundamental

questions are still unanswered

stIIl mysterious. the fact that

The nature and ongln of conflnem~nt IS

the rich Spectrum Of paftCleS can De

reproduced by naive bag models is astonishing Tne absence (SO far) of

deflnlt!ve evidence for states8 of gluons (=Gj andior gluons and quarks

may turn Out to be fundamental. and yet the large number of paftlcles that

have been reported which do not fit Into the accepted scheme portends

excitement aneaa In the field of meson spectroscopy a IOW energy

antlproton machine can be ~sed to proi-,~e h,gh Statistics measurements

3



.

of excluslve final slates resulhng from ~D ana ~n annlnllavons 10 enaDle

def,nltwe ~eIerm,nallons oi possible new slales.

The various processes WhlCh occur when antiPrOtOnS annihilate In

nuclel orfer a rich mllleu for Uncovering unanticipated phenomena. There

have been many specblatlons and even some calCulaUOfUg Concerning the

energy densltles to De expected wnen 7S are absorbed In nuclel LJs,ng a

reasonable model for the haaronlzatlon process. Gl~bs and Strottman flna

thal energy aensltles In the very Interesvng range of 2 GeV~fm3 for

periods of about 2 fm!c should be attainable Undbr sucn cond,t,ons we

W)uld expect to observe the change of state of nuclear matter to that

‘Whictl IS often referred 10 3S ‘quar~-gluon plasma-.

10 thqt has yetA funaameltal ~xnerlment

measurement of the gravitational force an antimatter

of g(~) Modern Iheorles of gravity prealct that

to be dOne IS the

- the determination

the acceleration of

prolons and

d, fferent’ ‘

have massive

antlprotons ,n the earth-s gravitational field WIII be

The difference arises In quantum thecmes of gravity which

partners of

grav,ty Note es~eclally

results from tne raft of

the tensor graviton as Cal rlers of the force of

tnat this precllcvon remains regardless of the

current experiments searching for anomalous

gravltalonal attraction between matter and matter A program of

Qxperlments with amlprotons to determine the strengths and ranges of

these addlrlanal components to the grawltatlonal force WIII be an

lm~~rtant actlwty at a low energy F faclllty

A variety of preclslon tests of CPT could be done gwen a source of

antlhyclrogen atoms One can enwslon a measurement of the Lamb shlfl In

4



RO fcr instance In adaitlon prec,slon measurements of the gravltallonal

properties Of antimatter may well become feasible If sources of K“ were

10 become available conh arm RICII12 have gwen estimates of what IS

acnlevable Using reasonable extensions of presently existing posilron

sources

In the rerna, rider of tnls paper. we summarize the prOSent Status Of

tnese and some otner tOPiCS as they relate to low energy afmprotons In

SectIon IX. we provide a table of characteristics of some of the most

Inlerestlng of the experiments discussed here. the number of antlprotons

reqtilred 10 perform these experiments G also Included there.

IL TFSTS OF lNVAfllANCE PRINCIPW. . CP. GPT. ANR T-

Tne role of preclslon tests of Invariance principles In uncuverlng new

and Unexpected aspects of physical laws as manlfes[ In the dlfferenl

fundamental Interactions has a long and fru[tful hlsfory. Vlolallons of

discrete symmetries Often herald either a new Interaction Or -;u!Xle

modifications to that which has Deen presumed known It ,S fitting that

enormous experimental effort ccntlnues to be aevoted to tne search for

and ever more precise measurement of tne lnvarla~ce of the InteractIons

to filfferent combinations of the operations af Charqe COnjugaIIOn (C =

lnt@rchange of ~article ~ altlparticle). Pahty Inversion (~ m r + -r) and

Time Reversal (T ■ t + -t) Mofiem quantum netd theories make the

assumption l~at all physical law> are lnvarlant under tne Combined

operations of CPT The d,scovery of CP vlolallon ,n the neutral kaon
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system some 23 years ago nas ~een remar~at)le ~ecause of IIS uniqueness

H has not been observed In any other system (see also Sechon Vlll AI

The comt)lnatlon of CPT Invariance and CP wolatlon implles T wolatlon: It

has yet to be experimentally verlfled. As usual. low energy antlprotons

offer an lmpo~ant tool for [he study of CPT. CPm and T Invariance

The elegant and precise demonstration of LPT Invariance In the lep~on

sec~or nas been accompllsned by DehmeU13 and colleagues over the past

qua~er of a century They have shown the equalny of the ~ertl~ masses

and tne maglletlc moments for electrons and positrons lsGlated in Penning

traps. This Iesls the Invariance of the elecrrornagnetlc InteractIon under

The CPT operation The techniaue WIII be applled to the proton -

antlproton Inertial mass determination’4 In a LEAR experiment. PS196

The aim ,S to test the equality of the masses at a level of 10-9. a gr9at

improvement over the current precision of 10-4 IrI the hadron sector This

WIII provide a test of the strong InteractIon under CPT If one could

compare the gyromagnetm moments of the proton and antlproton, Ihls

would test CPT m bOth the electromagnetic ~ strong InteractIons since

the anomalous moments have a complicated source Other tests cf CPT In

the electromagnetic InteractIon c@me wllh the study of antlhy(lrOQen.

alscussed In Section V.

In the classic experiments studying CP vlolatlon. one examines the 21r

and 3X decay modes of the neutral kaon systems. KL and Ks The fact that

lhOSe are mixtures of tl’e K0 and ~“ leads to InterfererIce patterns from

whlcn on can extract the CP vlolatlon ~arameters c. F-, ~ijo. and T--



II has been emphasized Dy many aUIhors6 ‘ 5-’6 [nal ~p arm, tl,la~,on

affe’s Ihe possIDIIIly of producing Iagqed K 0 and ~a l~lllal sla~es The

study of ~he evolutlon of these pure states would allow a measuremem of

1h6 CP parameters In

systematic errors from

PSI 95 has as Its goal

an experltnent having very different sources of

the usual KL-Ks experiments LEAR experlmen~

the study of the 2H and 3H decays of the neutral

k20ns (CP) as well as [estlng the equallty of the followlng reacllon

ratesl 7.18-19 (a dlrecl test of T-lnvarlance):

—
Pp+K-~”~o . ~0 - @ a~-e-tie

~p+l(-m-p , @ + KO ~fi-e-~e

Antlclpated precision for the experiment IS comparable to or Sllghtly

better than Ihe currem value for If /6 i. ancl the first time obsematlon of T

Vlolallon. A more deflnltlve experiment

antlprotons than can be Obtained at LEAR

We emphasize tnat the sludy of CP

recent!y assumed added Impotiance Just

will require a greater number of

violation In K meson systems haS

a few months ago. the (JAl group

at CERN unexpectedly observed large mixing In the BoSE~5 system 20

This may mean that there IS now a new system In Whlcn One Can study CP

violation. although at a cost that would be De astronomical compared to

the machine under cOnslderallon at this workshop Indeed the CP

v,olat,an In the B 05~05 system should be related to that of the t(”

sjstem It IS therefore. essential to obtain as aCCurate and COmPlete a

~arametr’zat’on of the KO system as ~osslble as a tool for trying to



ot)taln a fufiaamental Undersrandlng of CP vlolatlon [Its ~rlgln rather tnan

The phenomenological Kot)ayashl - Mas~awa paramemzatlon we have no-w].

Anomer experiment that was discussed by J Miller at this workshop IS

[he Interference pattern m the 23 decay of the KL-Ks sys[em as a new and

Independent means of obsewlng CP wolatlon Tagged neutral kaons

produced by another Orclel Of magnitude increase In tnO nUmDer Of

antlprolons present$’ available would be essefmal for the success of such

an experiment.

We cbserve that the equallty of the Ilfebmes of the neutron and the

anhneulron ,S a lest of CPT In the weak InteractIon one should consider

‘whether such an experiment wOUld be useful 2[ a low-energy ~ source

Ill. GRAVITY AND I u-l

Our standard Ideas of gravdy are really an Interesting mixture of

class,cal and quantum ptIySiCS The weak equivalence pnnclple 10llS US

tnat the Inertial mass IS equal to the gravdatlonal mass:

ml = mG

The Inertial mass IS a klnematlc quantuy” It IS the one whl~~. enters In

Newtonms law of force

F=mla

Cn the other hand the gravitational mass IS the gravitational analog of a

charge In electromagnetism It IS the quantity whII;n enters In Newlon”s

law of gravltallon

0



The prlnclple

~~erallons Og

F&imGm”G r2

of Ihe Invariance of the laws of phySICS tinder tne combnea

CPT ~e~ls US tnat the Inemal mass of a particle IS equal to

the Inertial mass of the antlpar?lcle-
—

ml=ml

From this ana Eq. (1) one mlgh~ make the assumption tnat

‘G .M, =R, =RG

This would be un-warranted. howev6r. because of ttle aforementioned

observation that mG IS the equivalent of a cnarge The fact that Ihe

gf8vitation8/ mass of a particle arid ds antiparticle are not equal does

not violate CPT The prlnclple of CPT dictates that an antlapp’6 fallS

toward an antlearth In the same manner In which an apple falls toward the

earlh. It IS silent concerning the trajectory of an antlapple (read

ant’proton] toward the earth Arguments along thlS llne led to an approved

experlmentl 0 (LEAR PS200) to make this fundamental measurement

In facl. modern attempts to unify grawty with other forces of nature

iea~ to the generic conclusion 11 that the qrawtatlonal acceleration of the

antlproton WIII net be equal to that of the proton. a ~. Jev QL At

present. these theories are hOpOd to De renormalIzaDle or flnlte. they do

vlcla~e tne weak equwalence prlnclple and predict effecrs tnat are

non-Newtonian One can mention several of the physical motivations

SuperSymmetry. dimensional reductlcn. string theory The literature

Concernlng this subject IS now outrageously large ~nd grow, n~

3xponent~ally

9



The fact ~hat none of these theories nas yet been proven 10 be

mathematically consistent deters no one Addltlonally. the appa”en~ lack

of any hope to confront tnese tneorles with experiment. s~ch as verifying

a partic15 spectrum leads to a nealthy skepticism concernlncj their

connsctlon wdn tne perceived reallty But Ihey are tantalizing. Indeed.

tney may be gw, ng a hint into wnat the true pnyslcs n’hgnt be It IS Ilkely

tnat the experiment concerning the gravnatlonal accelera~lon of an

antiprolon In the earth’s field may Dear on this subject

These modern theories of gravity have many common features They

nave spin = 1 and = 0 partners of the gravlton, which may couple In a

generation-lndepenaent way to fermlons. and in acldltlon have flnlte

ranges. what phenomenologlcal effects are irmplled ~y these new

partlcles~ By considering a Ilnearlzed tneory and Ignoring relatlvlstlc

effec[s. we obtain the fOllOwlng form for a ~ avltatlonal potential.

V(r) = [-Gm1m2/r] [1 = se-r” - De-:’s]

(See reference 11 for the complete treatment Includlng :he other effects )

Tne first term. tne normal tensor gravity term. IS fcllowed by twO new.

non- fVewtonlan terms. The vector term has a : associated uvltn ,t. a

relatlve coupllng constant. a and a range. v The scalar term nas a

rel~tlve coupling constant b and range s. (The ranges ar. the Inverse

masses of the grawphoton and gravlscalar In appropriate unltS )

The minus sign In front of the vector term would correspond To matter

repelling matter This 6 mathematically the same as the vector photon of

electrumagnetlsm I,ke chargeS repel On the o?ner hand. Opposite charges

(antimatter and matter) atlract. The plus sign describes t~ls sduatlon

10



One naively expects

prlnclple. there coul@ De

being summed UP to be a

a and D IG De of gravitational strengl~ (In

many components we Paramelrlze all Ihese as

ana D j Thus. If a and D are of equal Magnitude.

then for matter-matter Interac!lons the vector and scalar terms would

almost cancel. One might observe an effect only IfI very precise matter -

and tne vector and scalar

Interact Ion dlSplay S a new-

mattet Inleractlon gains a

matter experlmerts However. for antimatter - matter InteractIons. tne

Sign ,n front of tne vector [e. m IS opposite.

terms add togetner The antimatter - matter

first order effect. In adddlon. the matte. -

new. secor,d order effect.

The size of the effect depends upon the value of l~e parameters

mec~.oned above If these new effects are on the planck scale. 10-3? cm

tnen they can be considered 10 be unobservable If hOW@#er. they are on

the 200 meter scale. which the ‘fifth force” advocates would Ilke Ihen

altnougn tne 6ffec[

approved antlproton

Indeed an effect WIII

What size or effect coula one nave?

done an analysis of the Ausuallan mine

and a scalar term They f,nd {a-D)= O 01. ancl allowed ranges Up to

-d~o km Th6 result has been put Into the PREM model of tne eartn and

Integrated to see what effect Would be anticipated for tne ~nllproton

gravity experiment 10

function of tne (se~ to

for ranges greater Inan

would be present it WOuKl be undetectable In Ihe

experiment However. If It”s on a longer scale. ~hell

be measured

Stacey. TUCK and Moore21 have

data using bOth the new veclor

The calculated results on the varlatlon of q as a

be eClual) ranges show Surprlslngly large effects

several kilometers In pan,cular for ranges of 40

11



km. one calculates a 1%0 effecl In Ihe anuproton experiment wnlcn snou Kl

be measurable At 450 km one would nave a 14°% effect. deflnllely

measurable This IS for a_D=l tRe effeCl sCahX wd~ the value Of a(=D)

If you add 10 this the analysls of rapld!y-rotating pulsars. which

allows values of (a, b) UP to 0(100). then the expected ddferenc~ In g for

the ant,protcn could De

Ag/g ❑ d140a0vi450km.

‘ O Slrnply staled.The details of ihe experiment are gwen elsewhere.

antlprotons from LEAR WIIl be decelerated In several stages by tne use of

degrading foils ana Pennlrg traps, eventually cooling them down to

approximately IO K They will then be tossed IJp a superconducting drift

tuDe: the cutoff In the arrwal ;Ime spectrum WIII provide a measurement

Of g More accurately. tne comparison be~een antlprotons and H- WIII

allow this to be extracted

Of course. the ultimate gravl!atlonal experiment concerning

arllmatter would ~e done with neutral antlnydrcgen The advent of laser

siorage and velocdy selectlon tecnnlques for single atoms and magnellc

trap ~evlces may eventually open up the possibility ‘or such an

experlmant

Under what conaltlons might we expect to form a “quark-gluon plasma-

(C2GP)O For a start we believe that a state of quarkS and Uons exlsls

Insldg a nucleon GIVC - a nuc!e~n radius of O 8 fm. the matter density p

12



IS about O 5 GeV’fm3 For a rad,us of () 6 fm. p-l Gev:fm3 1[ s~ems

reasonable 10 expect that If we can arrarge to Obtain a density Of 1 10 2

GeV/fm3 ever a ~clea volume. we just might ObSefVe a cnange of PhaS@

to the long herakled QGP This region represents an Increase [n mass

density tO p i P 0 - 6 times normal nuclear matter aensi~y at normal

nuc[ear temperatur~. or equwalently a temperature of 180 to 200 MeV at

normal density. Heavy Ion c~lllslons probe the high d~ns,ly-low

temperature re~, on whereas energetic ~ - Nucleus colllSIOns may Well

provlae a means to explore Ihe “l@w- density-high temperature region Of

the nuclear matter phase diagram

Qualltatlve argumen;s abOut what Incident T momentuin would

maxl,mlze the temperature Inside the nucleus p~oceed along the fOllOwlng

l,nes - slow ~ “S annlhllale on the SurfaCe becauso Of the very large Iotal

cross section. the energy quickly escapes the nucleus At higher ~

energ,e; the ~nnlhllallon takes place about a fermi Inside the nucleus

The arm, h,latlon pions. numbnrlng about ten. move mostly fonvard In tne

Iatl frame. and have a high proDabllity of depositing their energy In a small

Part Of the nuCWr vOkm9 thrOuQh Coil’s’ons with sc%lra~ (-51 of the

constituent nucleons

Motwated by such qualitative considerations. Gibbs

performed calculations using the Intranuclear Cascade

Their resulls show that for 6 and 8 GeV/c antlprotons

and Stroltmang

(lNC) formallsm

abSOrbed on an

A=l CO nucleus the temperature attains the 180 MeV value where a phase

[ransltlon IS predicted They also calculale the total amount of er,ergy

[hat ,S actually absor~e~ In the nucleus For 8 GeV/c F s 6 GeV gets

13



abSOrbed Thus me process IS very efflclent for putting the energy wnere

It IS deSlred - In the nuCleu S Tne calculated nuclear densltles tnat are

attalnea aurlng the excursion Into the high Temperature domain are

mOdOSt” p ~ po _ 1 4 10 1 8. It ,S lhlS result that leads to the Conclusion

Iha’ anergetlc ~ absorption on nuciel prowdes an alternate route towards

a Quark-gluon Dlasma It

relallvlstlc heavy Ion colllslon

instead of the converse

complements tne more Widely discussed

technique Since It Ullllzes high T - low p

For a long t,me Ine role of strangeness production as a k9y Slgnalure

of QGP tormahon has been empnaslzed ClOSe examination fif data from a

bygone era has led RaTelsk122 to conclude that high nuclear temperatures

(>100 MeVl have bOen ObSeWOd In at least thres experiments.

1) Ed + (Spectator) < T x“: at 1 -3 GeVtc.

2) F 238U + neutron wlln the ~

‘181Ta+A.~s
3) P

These are discUssOd

present proceedings

new dIScOv9rleS here

at 4 Gevic

In some detail

The conclusion

are excellent

abSOrbOd al rest. and

In the article by G A SmIi I In tne

can only be that the opportunlhes for

The formation and control of an[ihydrogen would represent bolh a

Iechnologlcal triumph and a golden opporlundy fvlethods of obtalnlng Ihls

exollc atom have b~en sludled by Several group~ 1223 24.25 Once such an

14



alom IS obtained, It

funaamenlal physlcS

would set Ihe stage

possibly macroscopic

Ions We examine In

-wIlI be a verltible CPT laboratory for making

res:s of quantum electroclynamlcs. Finally. Ihls

for the even mere demancilng project of slorlng

Quanhl!es of antlhydrogen In tne ~orm of cluster

more detail these three separate stages of sclentlflc

development which would become accessible 10 study at a Noqh American

anhprolon source

Anhhydrogen IS composes Of the anllpartlCleS Of the Consuruelts Of

nydrogen. VIZ an antlprolon orbited by a

Part’cles have Separately been captured and

Ion traps. It IS apparent that the next step

of anhhyarogen from these entihes

positron S,nce bOlh these

contrc’led at low energies In

IS the formallon. ihen control

The first effort In Ihls dlrectlon I: the proposa127 to merge beams

POS’lrOnS and an’’molom at LEAR. and observe tne following reac~lon

~e++~u.

lhat IS the raalatlve formation of anhhydrogen TO boost the rate

of

of

formallon of the atom. the CERN group Conslderecl using a pulsed dye laser

to Sllmulale capture of positrons to the n = 2 Bohr Orbll They calculate

[hat they could produce an anhhydrcgen atom every few seconds using thlS

recnnlque

An experiment Using normal matter IS planned

Western Ontario 25 Using the exlstlng apparatus of

at the Unlverslty Of

the Merggd Elecrron
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Ion Beam ExperImen~ protons and electrons WIII undergo stlmuta~e~

ra~la~lve recom~, nat,on to yield experimental results which bear airectly

on the CERN experiment As ~ funher step. RIch, ~ ~27 “-ave proposed

using a StOrage ring to Contain the positrons. which should enhance the

rate consl~erably

Another approach circumvents the necessity of having the relaiwe

velocity of tne antlproton ana positron being so precisely malcned

Antlprotons collide with posllronlum and form antlhydrogen In the

followlng reaction

F- (e-e-) ~ ii - ~-,

In the Aa~hus collaboration.23 tne Idea IS to have a beam of antlprOtOn S

going through a hOllOw Cyllnder Of alumlnum A separate beam of

Pos’trons enters through a hole In the cylinder. slrlkes tile Inside wall

ana forms posltronlum The first experiment would expect on Ihe Oraer of

one antlhydrogen alom per second. with dramatic Increases foreseen after

more work

The above techniques wo’Jld produce relatively fast an~lnyhdrogen

~Old&r an~lhydrogen would come from creation In VaPS One snould r)e

able to store 10“ o charged partclgs per cm3 In traps al 10 K This led to

tne suggestlon28 of a pair of nested Ion traps each Contalnlng SuCt-I

numbers of positrons and antlprotons %9nWOS wer~ Gnvlsloned wherein

these particles Could

C@mplete dlscuss,on of

In fhese procee~lngs

be Induced to combine In very short times A

these ldeaS “s Contained In the artlclg by Mitchell

16



After successfully crea~lng ant, hy~rogen the problem of conta, nm@nl

and control becomes Imperatwe. since it 6 neutral A natural Choice IS a

magnetic trap 29 Single atoms mlgnt be so contained given an appropriate

laser to control tnelr Veloclty In fact, tnls may well be the most precise

methoa that One could devise for measuring the gravitational a~lract,on of

ant, mat~er to the earth

Experiments that would become Immediately possible would

concentrate on study of the antihydrogen atoms before their Ultlmate fate

of arm, hllatlon potn30 has empnaslzed tne opportunities offered in

atomic and strong Interact Ion phy SCS by studies of antlprotonlc and

hyperonc atoms The most obvious fundamental measurements that would

De made VVIth antlhydrogen

Quantum Electrodynamics

AS discuSSed In aetall in

however. would De

the article by Nleto In

the tests of CPT for

these Proceedings the

CPT theorem states that for a given interaction any measurement made

with hydrogen - magnetic moment transition amplltudesm decay rates

energy levels. energy shifts - would have the arialogous quantity In

ant,hydrogen ~redlcted by cPT The antlhydrogen atom would thus

allow tests of CPT to be made for the entire set of measurements which

furm the basis of QED as we knOw It. for the hydrogen atom



Th6 final topic In this sec[lon concerns the fOrmal@n of cluster Ions

of antimatter. As Stwalley discusses In tnese Proceedings. the concept IS

cfauntlng. but challenging. A cluster Ion. denotes by HN+. IS an Ion

composed of N hydrogen atoms w,th one electron removed. Ieav, ng II w-,lh

a single posmve charge. In this case d reduces simply to N ProIons and

(N-l I electrons

Ultimately what would be desired IS to form a very large ‘seed

crystal” conslshng of N armhydrogens This could conceivably then be

augmented. a single atom of antlhydrogen at a time Obviously. one can

examln6 the f9aSd)ddy of this scheme by using ordinary hydrogen. One

possoe Pam IS to first form H2+ by Indirect raulatwe association

or assoclaiwe ,onlzatlon

H=+ H- H2++e-

Laser-assls!ed association could be used 10 make H3+ from H2+ and H In

prlnclple. one could continue this process 10 high N. but this Involves a

complicated knowledge of the spectroscopy for each species A ser,es of

three body InteractIons may be preferable at this stagq

It IS a fortunate circumstance that all these complicated unknown

aspects of CluSt9r Ions can be Studlea with normal Illalter first Tne

transl[, on to antimafler WIII require that the t9Chnl~ueS evolved for

matter ensure ~ha( In the an~lma!ter case no antimatter comes In confacl

18



WIVI matter DecaUse of the added complication of annlnllatlon Stwalley

covers tnls aspect of tne proDlem In some detail

Meson spe. Lroscopy has reached an exclbng stage A varle~y of

experiments find evidence for resonances which do not flt InIO the

standard pattern of ~q meson nonets A current table of exotic results

whlcn updates Ref 8 haS been prepared by Sharpe and IS g’ven nere as

Table I Eleven confirmed ocidmes- are lmted Good reasons a:e gwe~ In

in the paper DY Sharpe In these Proceedings - ~ to JUSt why none of them

fit neatly Into our current framework of ~q nonets Tnese stafes could

well represent the opening UP of a thres~old of exotic meson resonances -

[hcse wh,cn Conta,n constituent gluons

SuCh exotic mesons have long been expected In tne spectrum of QCD

Tnis follows from an extrapolal,on of models whlcn can account for tne

addltlon to c1 and T constituents

of gluons - coi.stltuent gluons (g)

Standard pattern cf meson nonels. e g the MIT bag model or tne flux tube

model These moaels suggest that In

there should be independent 9xCltat10nS

If SO. there WIII be new resonances glue~alls (G=gg) and meiklons or

hybrids (~~g) Some of these states have exotic quantum numbers wnlch

are not avallablg to ~q states e g JpC _ I ‘+ We sha:l refer to all SUCh

states as exotic mesons

It has not yet been

exist In tne spectrum of

proved tneoretlcally. however. that Such cxotIcs

(XD Eventually n~merlcal Iattlce calculations
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TABLE L Exotic ReW% In Meson Spectroscopy’

Jpc=o+-, 1 ++, ~+- ~q ~one~~ filled .

Confirmed oddities we listed here.

Conjectured

G, ~q

Z19

G, ~q

Tq9

$q2

G

Tq91 65

G

7q

Particle

TI or ~(1460)

fl or E(1420)

f. or G(l 590)

p’ or C(1400)

)((1480)

f2’ or e(1720)

tg(2200)

9$(3 s@tes-2200)

$$ (2200)

iFqw

~-+

1++ (1-+)

c++

1
.-

()++()r 2++?

2++

2+’+ or 4++

2++

0-+

Isospin

o

0

0

1

0

0

0

0

Mod~of Study
D SO~

~p at rest

w

M

M

n

~p in fright

w

‘Table prepared by S. Sharpe, see his article in theso Proceedings.
Data from LASS (Kp), MKIII, TPC/MKll, L~p!on=F, BNL, MPS, ... -
G=gluons,
In no case is interpretation unambiguous.
Need more decay channels--Need more data.
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may be aDle 10 answer tms question from first Prlnclples and proii,d~

predictions for Ihe masses of the Ilgntest exotics until men. progress

can only come from ex~enrnents Searching for exotic stales. measl~:lng

Ihelr Properties. and Ccmoarlng the exPer’menial reSultS Lvlth model

prad,ctlor,s -- * can then decide be%veen phenomenologlcal mOdelS. which

in turn w.1’ a Detter theoretical Input to experiment The goal IS

eventually to ,.e t)otn t.le mOClel ana the data II reproduces 10 The

calculations Casej on first p:lnclples In this way we achieve a

~ntltatlv~ te!.t of QCD, while at me same time obtalnlng LisefIJl

~-enomenologlcal mcdels for the speclrum of field theories. These can In

Iurn be applied to fulure theorlgs of matter at shorter distances

1. high lU,71nOSdy. IOW energy ~ source can play a central role In such

a ~lrogram Annlhllatlons ?t rest enab”e a detailed study of exoIIc mesons

with masses Up to =1 7 Gev. while annfhllat. ons In fllght can extend this

range Up to and beyond tne ~ Present models all suggest tnat Ihe

tnreShOld for exotic mesons Iles belOw 1 ~ GeV and [hat Ihe number of

states Increases rapidly -with energy Decay widths Increase WIIn

increasing mass. so the speclrum can Prf)bably only be Unraveled for

abGut 1 GeV above threshold Thus a low energy F source WIII provld- a

window through whicn one hopes to view this exotic landscape.

It should be empnaslzed that a successful search fOr such states WIIL

of necessity. utlllze every knOwn experimental trick one can muster A

good example IS quantum number restriction of final states. which helps

to reduce the Inevitable backgrounds from conventional mesons When

antlprol~ns aanihllate al rest [n Ilqu,d hydrogen. Stark mlxlng CauSeS
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practically every annihilation to proceed from an initial L=O stare.

particular final states, e“ g. T@%o, qqfl”, ~fl”flo, this can

especially powerful. Because the branching ratios for such channels

For

be

are

expected to be small, probably in the range 10-4 to 10-5, high luminosity

will be essential for these measurements.

Another potent experimental strategy is to use the fact that a ~

machine of several GeV/c represents a real ~ factory. It has long been

recognized that the most promising way to find unambiguous evidence for

glueballs is in the radiative ~ decays: y + 2fX . In this case X can be a

digluon in a color singlet. By using realistic ~ machine parameters of: a)

momentum resolution of a few times 10-5 (e- cooling, gas je? target), and

b) luminosity of 1031 cm-2 ● see-l (current technology), then one

obtains31 the astonishing estimate of 109 $1‘s produced per year! This is

hundreds of times as many ~ ‘s as have been produced so far in all the e+e-

collider experiments to date. The two big advantages offered by a ~

machine are as follows: a) luminosity - 1031 cf. 1029 for e+e- machines,

and b) very small momentum spread - A /;/r+ is less than one for ~p,

cf. =1OO for e+e - machines. The fact that much hadronic background

accompanies the desired process in the ~ case is an inconvenience that

can be managed by modern fast triggering techniques,

w

The ability to store antimatter in matter will probably be required if
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‘we are to reallze tne dream of using anIlmatter In lage-SCale Practical

appllcallons. on Ihe way towards that goal Iles an a:ray Gf soIId st~le

pnysIcs studies of much Interest. AssUmlng, for example. thal a source of

antlprotons exists with tne aPPrOPrlate deCeleratlOn faCllltleS to make

[hem available at low energies. the QtieStlOn Inat IS addresseci by L.

Campt)ell In these proceedings is as follows: just how f’nany of These

antlprotons can be stores by which techclques.’

The ‘sTandaul- ways of storing annralter are In electromagnetic

botIles. such an Penning traps. In the Section on antlhydrogen. we

mentioned Ihe posslblllty of Storing an antlhydrogan alom In a fnagnellc

Dottle: while very Interostlng for many experimental purposes. It IS of

I,m, ted utll, ty for dense anumatter storage. (The pOsSlbillty of

e’ectrornagnenc levltatl~n of sollds IS sklppea here. ) In oN16r 10 store

SIgnlflcant amounts cf antlrnatter. new technologies WIII have to De

Invented.

one technology could Involve direct storage of antlprotons In

condensed matter because the electromagnetic force. WmCh prevails there

n astonishing complexity. has a much longer range than tne strong force

Which IS responsible for the ultimate fatO of annlhllatlon of the

antlproton. However, an equally Important feature of stable concYensed

matter. Fermi statlst,cs. discourages hope for equlllbrlum trapping of

antlprotons Nevertheless. the combination of effects like dynamic

slablllzatlon and SpeClal enwronments such as the surface of Superf141d

‘He may lead to environments that 10Cally trap antlPrOtOn S Even

small-scale surface storage would be qude valuable as a nucleation site
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for antihydrogen cluster ion formation by providing a mech or

efficiently conducting the condensation energy to normal matt~.:

An even longer term version of this question aPPlk3sto the t, %~,<<JtY
$.,,

of neutralizing antiprotons with positrons to produce antihydroge~~. H
“ ~n
.. .

one would want to know how to store this even more interesting y~?

difficult to handle species. The interesting chemistry and physics

probiems associated with this are discussed by Stwalley in these

Proceedings.

The basic problem in storage can be understood in the context of Lieb’s

theorems32 on the absolute stability of matter. Lieb has shown that the

stability of large-scale matter is due ultimately to

principle. However, there is no Pauli exclusion

between matter and antimatter, so there is nothing

their coming together, and hence annihilating, Thus,

to avoid the implications of Lieb’s theorems,

the Pauli exclusion

principle operating

a priori to prevent

one is forced to try

For charged particles, containment by some configuration of @

electric fields is forbidden by Earnshaw’s theorem. There a:e, nowever,

promising avenues to explore in steady-state, nonequilibrium systems

(such as storage rings) or those systems in which the decay constant of

the instability is long (as in some traps utilizing combinations of electric

and magnetic fields ), As an obvious first step, one might consider the

miniaturization of electromagnetic traps. As Campbell discusses in these

Proceedings, existing traps can, in principle, be s“al~a down in size to the

order of 10-4 cm, with the consequent maximum densities of order

1013/cm3. Thus, Campbell can “envisage” a cubic meter of these small
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Traps containing. In prlnclple UP 10 1018 anllprotons

However, these wou Ia SIIII not be atomic - scale traps Such a Vap

has been concewed of by Clark. ~ ~ 33 Tney point out tnat one couk3 Use

the “S~ark sadcile”. Or force - free Iocallon of a patilcle In an appllea

ex!srnal field plus & local ion field. since this IS a sadale. applylng a

Perpendicular magnetic f’ela WIII only produce metastab’1’ty as comparea

to Ihe Stablllty of a penning Vap The numbers Imply that this concept

mav be of Use m gaseous phase.

Tnare also may be an atomic analog to the storage ring which wou Kl

make use of the phenomenon of channeling of charged parhcles In a

crystal tne channel nng This IS even more speculate. since d IS not

known how to fabricate a closed-path channel In a crystal It IS even more

dlfflcult to irnaglne how to arrange a reflection at each end of a Stra$ht

patn. However. one mlgnt derwe encouragement from the recent

Unexpected observatlon34 of n- channelln~ In a hellcal pattern around

Ilnes of atoms In a crystal

Campbell has estlmaled thO atomic scale trapping parameters wnlch

would prevsnt a stored antlproton from either annlhllatlng directly or

Delng first Captured m an atomic orbit and then annlhllatmg He fIndS that

Sucn a trap could COntaln an aWVOtOn fOr a year If the amlproton IS W3t

a few Angstroms away from Ordinary matter Muons have slmllar trapping

characteristics in this respect. and so would seine as gOOd test particles

In developing such small scale traps (It IS also mentioned that polaron

and exe. ton states centorecl about antlprotons In Sollds provide a rlcn

field of study for theorists Interested ,n antlprotons In sollds j
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The problem of storage in solids can be approached from an alternative

viewpoint: that of understanding the quantum mechanical properties of

particles in potential wells. Just how does a particle tunnel and/or decay

from a metas?able state to a lower state: that is, to annihilation. Various

studies have found that:

i) By slightly changing the shape of a potential, one can inhibit tunneling

unless there is either coupling to other modes or dissipation in the

system.

ii) The exponential decay rate can be modified significantly if the product

of the decay itself is unstable.

iii) In certain coupling situations, muons and protons inside solids can

change from a diffusive condition to a trapped condition.

iv) A charged particle in a lattice can be localized under the action of a

time-dependent electric field.

v) The conditions for localization and/or tunneling in two-level systems

have been studied in detail.

Note that the above separate topics and their conclusions are in principle

(and sometimes explicitly) Ielatgd to each other.

All the above ideas suggest that we must rely on experiments to tell

us which, if any, of them will yield practical large-scale storage devices,

We also note that none of these experiments are presently being done,

Although some of the suggestions are admitedly in the “let’s see what

happens category,” this is often the way new phenomena are discovered in

26



Ihe Compllcatea Condensod matter w-orld II IS Inslruct,ve to mention tne

9XamPk of nigh temperamre superconductors In tnls connection

A first. particular suggestion IS to see If cnanmllng occurs. and now II

occurs. with antlprotom E~Ually Interesting IS what antlprotons Will do

In superflul~ 4He SOm9 have suggested that ‘Dubbles” or self- contained
-. -.

cawtles might occur. as IS the case wun electrons35 and posdronl~m 36

Further ~here IS the poes,blllty that with an appi,ed

makg glgctron-antlprolon statgs at the surfacg whlcn

surface (because of the electrons) and thus have a long antlproton

annlnllatlon rate.

Three environments where one C!39S not expect long scale trapping to

3He. superconductws.occur are In degenerate !lqUld

However. these are all such IntewStlng and exotic

w-em performing experlf’nenls with antlprotons just

let alone for the possible unforeseen surprises that might occur

electrlc f,eld one can

do not penetrate lhg

and semiconductors

substances. that It IS

as a dlognostlc tool.

It was 23 years ago that CP vlolat,on was dls:overed In the decay of

tne neutral kaon system ~~~ _ @I In tne Interim. this puzzllng

pnenJmenon has not been imserved In any otner system than Ibe one In

which It was originally discovered The Standard Model nas problems

accornoclat. ng the rnagnltude of rhe vlolatlon myrlaa extensions 10 the



standam rnoael nave been Proposed

1) [he KODayashl Maskawa Moclel Vvnereln Ihe vlOlatlOp occurs In Ihe

coupling r~f tne gauge bosons !0 Ine quarks DuI IS generated Dy the Hlggs

seclor.

2) the Weinberg Hlggs Model where tne vlolaoon IS found In the Hlggs

POtenOal and IS man’fest IfI tne cOu@Ing of tne H~ggs to the Quarks.

~) me Supeweak Model. wnere again the vlolatlon comes from l+lggs. DUt

In thl S model CP wolallon would be restricted only to tne kaOn system

and

41 me Left - Right Moaels In wnlch the vlolallon arises from both Ihe

effects m 1) and 2)

CP Vlolatlon would appear to be an exgerlmental question The v irlous

models of CP vlolatlon differ In their predlctlonss of the magnitude of

& S.1 ~p + T,A CP vlolatlon They all agree. however. that ,t IS

Sufficiently Small as to make the rnOaSurernent extremely hwj

The experimental quantities which are expected to be related to the CP

vlolatlng ~h~s~s and thLs demonstrate CP vlolatlon If found to be non-zero

are

A=(r- F)/(r-F)

c =(of- ;)-’(--;)

B=(8 .~j/(5-~]

Thus ~ measures the difference In the partial decay width fOr the ?. and
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Ihe A C and B reveal differences In the decay parameters wnlcn

characterize the angular dlslrlbuoon of the decay PrOduCIS of Ine hyperon

and antlnyperon By using the known Q I = 1:2 rdle and final state fi - N

Interaction. Donoghue5 estimates [hat the magn. iudeS of lhe three

Quantdles are related as follows B - 10 ● c - 100 ● L. He also flndS

[hat the Kobayashl Maskawa Model pred%ts about 2 ● 13-5 for :he value of

C. while the Weinberg Hlggs Model yields 10-4

Although a recent LEAR experlment37 wllh only 4.000 events found

tnat C = -007 f O 09. cofislstent with zero. d IS obvious tnat an

Improvement In preclslon by a factor of one to ten thousand IS nOt a

trlvlal matter One WIII need to measure accurately the Symmetric decayS

A_ PX - and~+~fl-. between 108 and 109 events In th’s channel must be

collected and analyzed In order to aChleve the required level of preclslon

The number of antlprotons required IS very large. on the order of 10’4 to

,015

B

As a representative example of the broad claSS of exparlments that

Study excluswe final States In FD annlhllatlon. we mention one of lhe

rare ‘crisply defined experimental puZZ19s” In hlg I energy physics which

would. Incidentally be amenable to study wlln a hlgn Iurnlnoslty ~ source

T~e evidence for thlg puzzle hag been accumu’?tlng for many years

BrOdSky Lepage and TUan7 reminded us of its significance In a recefil

paper
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The decay of the * and the * - Into excluswe final states of hadrOnS IS

expected to proceed wa tnree glu OnS or. Occasionally. Vla a SlnCjb dlrecl

PhOIOn. Tne probability for Ihe decay IS proportional to Ihe square of Ihe

wave function of Ihe c~ pair ar the ongln: I ‘# (f) ] I 2 Thus one WOuId

expect mat the ratio of the branching fracuons for $- and 9 to r.adrons 10

De the same as for lemons. namely

an = B ( ~- +naarons ) ; B ( + +hadrons )

❑B(Y-e”e-)EB(~+ e-e- j

= 0.135 t 0023

For a host Of final states such as ~pfiO. 2n”2X-~0. n“fl -W. and

3T’r”37T-n~. tnls expectation has been fulfllled For the pm and K“F

final stales. this IS not SO

Qpn < 00063

QK-~ < 00027

Tnese are upper Ilmlts only. tnus the rauos are at least a factor of ~ and

~ tlfnes smaller than expectsd An appeallng proposed explanation IS

tnat a reasonably narrow intermediate state of gluonlum exists close 10

the I+ mass which then couples to hadrons In essence this makes the

denominator of Qn larger th&n expected from QCD arguments alone

Here IS an Outstanding example of an experiment that IS verv dlfflcult

without a —D source (see section VI concerning the efficiency of

productloa of ~ “s). but would be relatively Stralgntforward wl!h a

machine that would lake ~ “S Up tO ? GeV/c
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The range o’ physics topics that pas been tOuched on In the Present

article IS Indeed vast The partlclpanls In the Basic phySICS Program

section of the wOrkShOp summarized the experimental requirements for

most of the topics that were discussed there Table II gwes the results of

These requirements The degree of dlfflCuUy. as defined In the footnole to

Ihe table. Is Indicated for a range of experiments. also given IS the Ilumber

of antlprotons that wOuld be rgqulred to perform Ihe experiments As can

be seen ?nere. the range covers the rna~ - from just a few amwotons 10

more that 10’4 As a reference point. we note ~hat LEAR has provided

fewer than 1013 ~ ‘S In any Year of operatlon38 up to the present time

‘We also mention that tne CP vlolatlon experiment (7S1 951 has been

approved for a total of 10’3 ~ ‘s. but obwously could use at least another

order of magnitude In order to do a good measurement of It ~tl

Therg was muCh discussion at the workshop about the feaslblllty Of

Portable sources of ~s - a soft of fll[lng station a~,- ‘each We ,ncjlcate ,n

the last column of Table II whether the expWlfIWnt I. Considered suitable

for a portable source

We nave summarized the physics case for proceeding with a LOVV

Energy Antl~roton Source In North America In the oplnli of [he

attendees a[ the wOrkSh OP. this case IS most allurlng having great

potential for new and unexpected discoveries The lime is right for a pusn

for a speedy construction of such a faC’llt)’
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. .

TABLE Il. Characterlstlcs of Low Energy E Experiments

Fxnerlw -“ No- ~ “’ rea‘a ~

1 ~~ -~~.iA,. CP wolanon Great >10’4 No

2 KO, @ CP. & T vlolatlon High >10’4 No

3 Inertial PI=~ 7 CPT test LOW Fe-w Yes

4 ~ spectra. Lamb. RY~ CPT High ,012 Yes

5 Grawty: gf ~) =g(~)? Hlgn ,010 Yes

6 Hadron Spectroscopy. exOtCa7 Hlgn ,012 No
------- ------- ------- ------- ------- ------- ------- ------- ------- --

7 ~- A Quark-Gluon Plasma Low ,014 M

8 ~- A strange Fireballs. etc Low 10’4 No
------- ------- .. ----- . . . . . . . ------- ------- ------- - -------- . . . . . . .

9 Cold ~. F2 . ~- i)rodn & rnafwn H@ few 1010212

1() Cold e+ plasma + ~“s Hign few

611 Matter~AntlM Collmon Dynamics Low >10

12 Condensed Matter Stmhes

a ~aloms Low 106

b ~Channellng Low 106

c D‘S m dynamic traps Great 106

———
‘Deflnl!lon of the different degrees of difficulty

Great = Don’t Know How
t-llgh w We Know BUI It”s Hard

Low - State of the Aft

Yes

Yes

yes

yes

No~

Yes
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